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ABSTRACT: The magnitude and temporal evolution of the High-Quality e
quantum-state renormalization (QSR), or the energetic shifting of CdTe Qv% Do Lower-Quality
the quantum-confinement states caused by photoexcitation and

CdTe QWs
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changes in electron screening, were probed in transient absorption
(TA) spectroscopy measurements of colloidal semiconductor
nanoparticles. Experiments were performed on high- and lower-
quality wurtzite CdTe quantum wires (QWs) with photo-
luminescence quantum yields of 8.8% and ~0.2% using low-
excitation fluences. The QSR shifts the spectral features to lower — -40-— T 1,
energies in both samples, with larger shifts measured in the high- 0 Tir%e (ps) 4 o 2 #im;?ps) 10 10
quality QWs. The TA spectral features measured for both samples

shift uniquely with time after photoexcitation, illustrating dynamic QSR that depends on the quantum-confinement states and on the
states occupied by carriers. The higher fraction of carriers that reach the band-edge states in the high-quality QWs results in larger
renormalization, with the energies of the band-edge states approaching the Stokes shift of the steady-state photoluminescence feature
below the band-edge absorption energy. The intraband relaxation dynamics of charge carriers photoexcited in semiconductor
nanoparticles was also characterized after accounting for contributions from QSR in the TA data. The intraband relaxation to the
band-edge states was slower in the high-quality QWs than in the lower-quality QWs, likely due to the reduced number of trap states
accessible. The contrasting relaxation time scales provide definitive evidence for a dependence of the photoluminescence efliciency
on excitation energy. These studies reveal the complicated interplay between the energetics and relaxation mechanisms of carriers
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within semiconductor nanoparticles, even those with the same dimensionality.

B INTRODUCTION

The ability to tune band gap energies by varying the size and
thus the quantum confinement of charge carriers within
semiconductor nanoparticles (NPs) coupled with the synthetic
capabilities to achieve extremely high photoluminescence
quantum yields (®p;) have led to their implementation in
solar cells, lasers, photodetectors, and bioimaging.l_5 It would
be ideal for every photon that impinges on a device to be
absorbed by the NPs, and each photogenerated electron—hole
pair to relax to the band-edge states, regardless of the energy of
the photon absorbed. Once the carriers reach these states,
either they would, depending on the application, radiatively
recombine with a ®p; of unity or the electron and hole would
be separately collected as current with little or no loss of
energy within the system. The densities of the states within the
NPs, the energies of these states, and the intraband relaxation
mechanisms all play factors into how ideal these NPs can
perform. Additional complications can arise as the delocalized
nature of the charge carriers in NPs and their large surface-to-
volume ratios make their optical and electronic properties
highly dependent on the dimensionality, surface ligation, and
local environment of the NPs.*™"!

Despite broad interdisciplinary interests in semiconductor
NPs, open questions remain over the energetics and dynamics
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of photoexcited charge carriers as they relax to the band-edge
states in these nanomaterials. For instance, the energies of the
band-edge states and even higher-energy quantum-confine-
ment states shift after photoexcitation, but a clear under-
standing of the origins of this shifting is not broadly accepted.

12716 the stabilization of
)26—31

Phenomena including Stark effects,
14-25

biexcitons, and band gap renormalization (BGR
have been associated with the shifting of the band-edge states
after photoexcitation, especially when multiple electron—hole
pairs are photoexcited in the NPs. We recently introduced the
concept of quantum-state renormalization (QSR) associated
with the energetic shifting of the quantum-confinement states
in colloidal semiconductor NPs that occurs with photo-
excitation and is observed in transient absorption (TA)

. 32,33
spectroscopy experiments.” ™
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In many regards, QSR is akin to the renormalization of the
band-edge states characterized in the monolayer transition
metal dichalcogenides (TMDCs).>*™*' Time- and angle-
resolved photoemission spectroscopy experiments performed
on room-temperature monolayer MoS, directly probed the
electronic structure renormalization induced with low
excitation fluences.”**> The band-edge states of the MoS,
sample were observed to shift by ~40 meV to higher energies
at the K point, k = —1.29(1) A™', upon photoexcitation with
low fluences, followed by a recovery within 5.0(1.8) ps. The
excitation energy at the K valley edge, k = —1.14(1) A™', was
observed to decrease by ~100 meV, and this perturbation
remained for much longer than that at the K point. Supporting
calculations indicate the photoexcitation and formation of
excitons alters carrier screening in the semiconductor, and
increases in the effective masses of the conduction band (CB)
and valence band (VB) states, and a renormalization of their
energies result.”*>> The larger effective masses of the carriers
result in a flattening of the MoS, monolayer bands and the
observed increase in the band gap energy at the K point and
the energetic decrease at the K valley edge.

A quick overview of quantum confinement in semiconductor
NPs is provided to illustrate the ramifications of QSR. The
edges of the VB and CB, which tend to dictate the optical
response of semiconductors, are commonly modeled by using
the effective mass approximation (EMA). The EMA assumes
the bands are parabolic with k, the wave vector along the
orthogonal directions within the crystalline semiconductor,
according to E(k) = 7’k*/(2 m, m*), where the effective mass,
m*, is a scaling parameter for the mass of the electron, m,.***
When the size of the semiconductor is reduced to scales on the
order of the de Broglie wavelength of the carriers, the motion
and energies of the carriers along that direction become
quantized. This quantization selects unique values of k and
energy along E(k) that are allowed.*” This is depicted by the
black points on the parabolic band plotted in Figure la. The
confinement dimension for the schematic shown is along z,
and n, identifies the different quantum-confinement states. The
confinement energies and states are often approximated as the
solutions for the quantum-mechanical particle-in-a-box prob-
lem for both the VB and CB, as shown in Figure lc. The
energies along the other unconfined coordinates follow the
EMA with parabolic bands associated with each quantum
confinement state, depicted as blue bands in Figure la and b.
The total energy of a carrier in this system is the sum of the
quantum-confinement energy along z and the translational
energy along x and y.

The absorption of a photon with sufficient energy promotes
an electron from a quantum state in the VB to one in the CB,
and a hole or electron deficiency is simultaneously formed in
the VB state. This photoexcitation results in changes in
electron screening, shielding, and electron—electron interac-
tions in comparison to the unexcited semiconductor that alter
the energetics of the VB and CB, and thus the effective masses
of the carriers, in the spatial region of the NP sampled by the
electron—hole pair, as depicted by the red bands in Figure 1d.
As mentioned above, this photoinduced increase in the
effective masses of the carriers is observed and well modeled
in monolayer TMDCs, although the band structure for those
systems leads to an increase in the band gap energy.”**® Since
the energies of the quantum-confinement states depend on the
effective masses of the carriers, the quantum-confinement
states in the VB and CB energetically shift with photo-
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Figure 1. Schematic of quantum-state renormalization for a
semiconductor NP with confinement along the z direction. (a)
Representation of a parabolic band along k, for the conduction band
(CB) following the effective mass approximation.*> Confinement
along z leads to discrete values of E(k,) dictated by the lattice
parameter and effective mass. (b) The confinement along z leads to
discrete bands k, and k, (not shown) for each n, (c) This
confinement can be approximated as a quantum-mechanical
particle-in-a-box (PIB) for both the CB and the valence band (VB).
Photoexcitation of an electron from the VB to the CB alters electron
screening and shielding and changes in the effective masses for the VB
and CB result, (d). As a result, the bottom of the potential and the
PIB states shift with photoexcitation (e), and these are probed in
transient absorption spectroscopy measurements. The radiative
recombination of electron—hole pairs occurs from the lowest-energy
shifted states.

excitation, even with the presence of only a single electron—
hole pair in each NP, as depicted in Figure le. Photoexcited
electrons, holes, and excitons may also interact with the ions in
a polar semiconductor nanocrystal through Frohlich inter-
actions.**~° The photoexcited electron and hole interact with
the cations and anions in the crystal lattice, perturbing the
crystal structure and coupling with longitudinal optical (LO)
phonons.>>™>” The changes in the crystal structure that result
from these Frohlich interactions result in contrasting electronic
band structures and effective masses for the CB and VB in the
unexcited and excited semiconductor NPs.**~*%39%076> Thege
energetic shifts are grouped together as QSR. Since the
different quantum-confinement states have unique spatial
probability densities, each state, including those that are
occupied or not, should experience unique QSR that depend
on the states in the VB and CB that are occupied.”*** As a
result, the QSR of the quantum-confinement states should be
dynamic, as the carriers relax through the energetically
accessible states after photoexcitation. Finally, the QSR should
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also depend on carrier density and if the electrons and holes
are bound as excitons or are separate free carriers.

A TA spectroscopy experiment performed on a sample of
semiconductor NPs will yield temporal and spectral data that
contain bleach signals associated with the quantum-confine-
ment states of the unexcited NP, black in Figure l¢, induced-
absorption signals associated with the shifted states, red in
Figure le, and bleach signals associated with the occupation of
either electrons or holes in the different quantum-confinement
states. When electrons and holes are photoexcited above the
band-edge states, the carriers undergo intraband relaxation
through the energetically accessible quantum-confinement
states, and the QSR for all of the states should be dynamic.

Herein, we report on the contrasting dynamic nature of QSR
measured using time-resolved TA spectroscopy on two
samples of NPs, specifically wurtzite (WZ) cadmium telluride
(CdTe) quantum wires (QWs), with nearly the same
dimensionality but notably different values of ®p;. The
CdTe QWs were chosen for these studies for several reasons.
First, the fine structure of the hole states in one-dimensional
QWs results in the lowest-energy transitions being optically
bright, instead of dark, which is common for quantum
dots.”*”% Thus, the carrier populations relax to and emit
from these lowest-energy states, and bleach and stimulated
emission signals present in the TA data are indistinguishable,
with both negating the induced-absorption signals of the
shifted band-edge states. While the absorption cross sections of
QWs are larger than those of quantum dots, because of their
larger volumes, the increase in volume and the free degree of
freedom also reduce the interactions of carriers photo-
generated by different photons. Lastly, our previous efforts
on QSR in CdTe QWs revealed that the contributions of QSR
in TA data can be largely accounted for using a simple model
that incorporates the steady-state absorption spectrum of the
QWs. >3

Specifically, time-resolved TA spectroscopy experiments
were performed on high-quality and lower-quality WZ CdTe
QWs with average diameters and photoluminescence (PL)
efficiencies of ~6 nm and ®,; = 8.8% and ~7.5 nm and @} =
0.2%, respectively. The temporal dependencies of the energies
of the spectral features and the occupation of carriers in the
states associated with those features were identified in the TA
data, AAbsy,(E, t), as previously described.** The magnitude
of the QSR observed in the two QW samples is distinctly
different, and contrasting QSR energies and temporal depend-
encies were identified for the spectral features of each sample.

B METHODS

Chemicals. Tri-n-octylphosphine (TOP, 90%, Aldrich), tri-
n-octylphosphine oxide (TOPO, 99%, Aldrich), 1-octadecene
(ODE, 90%, Aldrich), ethanethiol (EtSH, 97%, Aldrich),
tellurium granules (Te, —S—+50 mesh, 99.99%, Aldrich), and
cadmium acetate dihydrate (Cd(acetate),2H,0, 99.9%,
Mallinckrodt) were used as received. Cd(di-n-octylphosphi-
nate),, tri-n-octylphosphine telluride (TOP-Te) stock solution
(0.025 mmol g™' solution), di-n-octylphosphinate (DOP)
stock solution, and bismuth (Bi) NP stock solutions (0.04
mmol Bi atoms %_1 solution) were prepared following
literature methods.'¢7%®

CdTe QW Sample Preparation. Colloidal CdTe QWs
with WZ crystal structures were synthesized using the
solution—solid—solid (SSS) method previously reported.®”
The CdTe QW syntheses were performed under nitrogen

(N,) gas protection. The as-synthesized, lower-quantum yield
CdTe QWs were grown using 9.1-nm-diameter bismuth NPs
at 250 °C in the presence of di-n-octylphosphine (0.14 mol %).
Cd(di-n-octylphosphinate), and tri-n-octylphosphine telluride
(TOPTe, 0.025 mmol g~') were used as the Cd and Te
precursors with a Cd:Te precursor mole ratio of 2.8. The
average diameter of these QWs was determined to be ~7.5 nm
by measuring the widths of individual QWs in transmission
electron microscopy images. The ensemble PL efficiency of
these QWs was measured to be ®@p; = 0.2% with excitation at
2.76 eV. After synthesis, the CdTe QWs were stored in a
nitrogen-purged glovebox until the steady-state and time-
resolved spectroscopy experiments were performed. Figure S1
in the Supporting Information includes a typical TEM image of
the as-synthesized CdTe QWs.

The sample of high-quantum yield, ®p; = 8.8%, CdTe QWs
with a mean diameter of 6 nm, and predominant WZ crystal
structure was also prepared. For this sample, 31 mg of Cd(di-n-
octylphosphinate), and 4.0 g of purified trin-octylphosphine
oxide (TOPO) were loaded into a 50 mL Schlenk reaction
tube, degassed for 1 h, and then heated to 300 °C. 22 mg of
the 6.3 nm Bi NP stock solution, 898 mg of TOP-Te stock
solution, and 101 mg of DOP stock solution were combined
and quickly injected into a Schlenk tube. The reaction was
stopped after 2 min, and the sample was cooled to room
temperature. A PL-enhancement treatment'' was then
performed on these as-synthesized CdTe QWs. The obtained
PL-enhanced CdTe QWs were suspended in TOP for further
characterization and measurements.

Steady-State Spectroscopy. The steady-state extinction
spectra were collected by using a commercial UV—vis—NIR
spectrometer with an integration sphere to minimize
contributions from scattering. A scattering background was
still observed in the spectra of most of the QWs, and this
contribution was subtracted from the extinction spectra
(Figure S2 in Supporting Information) using previously
reported methods.”*** The photoluminescence (PL(E))
spectra and ®p; values were measured by using a commercial
spectrofluorometer system (Horiba-Nanolog). The PL spectra
were recorded using excitation at 2.76 eV (450 nm). The
absorption value of the CdTe QWs was kept under a 0.1 OD at
2.76 eV during the ®p; measurements to reduce self-
absorption and PL quenching. The peaks of the features
present in the absorption spectra that are associated with
groups of quantum-confinement transitions were identified
using the second derivative of the absorption spectrum, as
illustrated in Figure S3 in Supporting Information.

The PL efficiency spectra were collected and cross-verified
using two different methods described previously.*””® The first
method is a direct measurement where the ®p; values were
measured at discrete excitation energies, E, using a commercial
spectrofluorimeter system (Horiba-Nanolog) to obtain the
@, (E) spectrum. The second method is a relative method and
involves calculating the PL efficiency spectrum PLyg(E). Here,
the steady-state spectrum, Absg(E), and the PL excitation
spectrum, PLE(E), were collected by using commercial
spectrometers. The PLg(E), is the ratio of the PLE(E)
spectrum to the absorptance spectrum, or

PLE(E)

Pl (E) = ————————
Eff( ) 1 — IO_AbSSS(E)

https://doi.org/10.1021/acs.jpcc.3c05672
J. Phys. Chem. C 2023, 127, 20082—-20093


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05672/suppl_file/jp3c05672_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05672/suppl_file/jp3c05672_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05672/suppl_file/jp3c05672_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05672/suppl_file/jp3c05672_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c05672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

The relative scale of each PLgg(E) spectrum can be quantified
to an absolute scale by normalizing the spectrum to
measurements of ®p; values at discrete excitation energies
throughout the spectral region for each sample.

Transient Absorption Spectroscopy. Femtosecond
time-resolved TA measurements were conducted using an
amplified titanium:sapphire femtosecond laser and a commer-
cial TA spectrometer. The 800 nm fundamental pulses (0.100
ps, 1.55 eV (800 nm), 1 kHz repetition rate) generated from
the amplifier laser were split into two parts. A minor fraction,
5%, of the 1.55 eV beam was focused into a sapphire crystal,
generating a white-light continuum spanning 1.63—2.76 eV
(450—760 nm) as probe light. The rest of the fundamental
output was used to pump an optical parameter amplifier
(OPA) to generate excitation pulses at 2.76 eV. The excitation
pulses were then depolarized. A motorized delay stage was
used to control the delay time (up to 7 ns) between the
excitation and the white-light probe pulses. The instrument-
response function was well fit to a Gaussian with a full-width
half-maximum breadth of 0.230 ps, with a slight dependence
on photon energy within the white-light spectrum. The TA
spectrum at each time delay was averaged over 2 s, and variable
step sizes were used with smaller step sizes used near t = 0 s.
The TA spectra were corrected for background noise,
scattering light, and spectral chirp. All of the TA measurements
were performed in air at room temperature.

Excitation Laser Fluence Dependence. The TA
measurements for the high-quality WZ CdTe QWs were
conducted by using excitation fluences from 4 to 15 yJ cm™>
pulse™. The temporal profiles of the 1X’ feature at 1.75 eV in
the TA data collected using low and high pump fluence are
compared in Figure S5 in Supporting Information to identify
contributions of multicarriers in the QWs. The temporal
profiles collected with a fluence below 6 uJ cm™ pulse™
exhibit minimal differences in the profiles. Therefore, multi-
carrier interactions in the CdTe QWs are negligible with an
excitation fluence of 4 4] cm™ pulse™. The average number of
electron—hole pairs photoexcited within a single QW were
calculated in the same manner reported previously,” and
details are provided in Supporting Information. A fluence of 4
uJ cm™® pulse™ resulted in the photogeneration of ~10
excitons um ™" pulse™" in each QW for the @} = 8.8% QWs.
An excitation fluence of ~10 yJ cm™ pulse™ was used for the
TA measurements on the ®p; = 0.2% QWs, as described
previously.”® A significantly higher carrier density of ~75
excitons ym™" pulse™' were prepared in each QW in the larger-
diameter, @, = 0.2% QWs.

B RESULTS

Steady-State Spectroscopy. Steady-state absorption
spectra, Absgs(E), of the CdTe QWs, Figure 2, were collected
to identify excitation features and for use in modeling the
QSR.** Each absorption feature is associated with groups of
transitions with assignments guided by theory.*”* Due to
significant state mixing in the VB, the absorption features are
labeled with the quantum-confinement state(s) accessed in the
CB, specifically the 1%, 111, 1A /2%, and 1®/2I1/1I" states.>>*?
Most of the band-edge transitions lie within the 1X feature, but
calculations indicate that there is also one transition between
the lowest-energy 1X hole state and the 1IT electron state on
the lower-energy side of the 1II feature. The very weak 1X*
feature, near 1.8 eV in both spectra, is associated with a
transition between an excited hole state and the 1% electron

10/2I/1T
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: 1®/2ITMT
20 S~ 1A/25 |
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Figure 2. Steady-state absorption (black) and PL (red) spectra of (a)
lower-quality ®p; = 0.2% and (b) high-quality @, = 8.8% WZ CdTe
QWs. The tics mark the centers of the steady-state absorption
features, and the labels are the quantum-confinement states accessed
in the conduction band by the transitions within each feature.*>*

state. The 1I1, 1A/2%, and 1®/2I1/1I" features each contain
numerous transitions between excited electron and hole
quantum-confinement states. The 1X-VB—1 feature centered
above 2.7 eV contains transitions between the 1X electron
state in the CB and the hole states within the VB—1 band, and
it overlaps other high-energy transitions within the VB.

The PL(E) spectra of the CdTe QWs are also plotted in
Figure 2a, b. The high-quality @, = 8.8% WZ CdTe QWs
have a larger PL Stokes shift than the lower-quality ®p; = 0.2%
QWs, 49 versus 18 meV. PL efficiency spectra of the QWs,
Figure S4 in Supporting Information, were recorded in a
manner described previously.®”’® There is a monotonic
decrease in efficiency with increasing excitation energy for
the high-quality QWs that indicates the number of non-
radiative traps increases with energy above the band gap
energy. The PLy(E) spectrum for the lower-quality QWs is
notably different from local minima and maxima. This trend
indicates there are nonradiative traps at localized energies that
are accessed during photoexcitation, but not while the carriers
relax through these energies to the band-edge states.”

Transient Absorption Spectroscopy. The TA data,
AAbspA(E, t), plotted in Figure 3a, b, contain overlapping
induced-absorption (positive, red) and bleach (negative,
yellow to blue) signals. Stimulated emission signals are also
likely present in these data, and these are not separable from
the bleach signals associated with excited-state populations.
The most prominent signals in these data are the long-lived
bleach signals near the energies of the 1% Absg(E) feature,
black arrow just above 1.7 eV. There are much weaker and
shorter-lived, <3 ps, bleach signals near the other Absg(E)
features, indicated by the red, green, and blue arrows. The
energies of these bleach signals shift slightly with time due to
the energetic shifting of the signals (frequency modulation) or
the contrasting time scales of overlapping signals (amplitude
modulation).
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Figure 3. TA data, AAbsy,(E, t), of the (a) lower-quality @, = 0.2%
and (b) high-quality ®p; = 8.8% WZ CdTe QWs. The excitation
energy was 2.76 eV. The color scales are mOD, and there are breaks
in the time axes at 3 ps, after which a log scale is used. The arrows are
the energies of the Absgg(E) features. (c) Temporal profiles of the 1%
bleach features for the two samples. Each 1% profile was fit (yellow)
to a sum of a single-exponential rise, time constant 7, and
multiexponential decays.

The temporal profiles of the 1% band-edge TA bleach signals
are included in Figure 3¢, and these were each fit to a sum of a
single-exponential rise, with a time constant of 7,, and three
exponential decays. The rise time for the lower-quality ®p; =
0.2% QW sample is notably shorter than that for the high-
quality @y, = 8.8% sample, 7, = 0.44(1) ps versus 7, = 0.98(2)
ps. The rise times of these bleach signals are typically
associated with the time scales for IRD to the band-edge
states. These time constants suggest that the IRD from the
higher-energy states to the 1% band-edge states is much faster
in the lower-quality QWs due to the presence of the competing
pathways associated with additional trap sites. The decay times
are associated with interband relaxation and the lifetimes of the
carriers in the QWs. The decay times of the 1% bleach signals
for the high-quality CdTe QW sample are notably longer than
those for the lower-quality CdTe QW sample, as expected with
the higher ®p; value and a reduction of the density of
nonradiative trap states. We emphasize that these data should
not be taken quantitatively to represent the relaxation times of
the carriers as contributions from QSR have not been
accounted for.

Modeling Quantum-State Renormalization. A simple
model for approximating the contributions of QSR and carrier
occupation in AAbsy,(E, t) data was recently reported.* This
model assumes that the Absy(E) spectrum becomes bleach
signals in the AAbsy4(E, t) data as the quantum-confinement
states are energetically shifted following photoexcitation. The
shifted states give rise to induced-absorption signals, Abs;,(E,
t). The model initially assumes that the QSR shifts all of the
transitions to lower energies by the same amount, AEqgx(1),
and Abs,(E, t) = Abs (E—AEqgx(t)). The average QSR shifts
obtained for the ®p; = 0.2% and 8.8% CdTe QW samples are
(AEqer(t)) = 13(1) and 21.0(1.0) meV. The difference
between AAbsqgr(E, t) and AAbsy,(E, t) at each t yields the
bleach signals attributed to carrier populations within each of
the QSR-shifted features. The occupancy spectrum at each
time, which contains only those spectral features with an
electron, hole, or exciton occupying a state in the CB or VB at
that time, is proportional to the negative of this difference,
AAbsq (E, t) = AAbsqsr(E, t) — AAbsr,(E, t).

The 2D color-contour plot containing the AAbsq.(E, t)
data for the high-quality ®p; = 8.8% QWs is included in Figure
4a, and the AAbsq.(E, t) spectra at multiple times are plotted
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Figure 4. (a) 2D color-contour plot of the AAbsy.(E, t) data for
high-quality ®p; = 8.8% WZ CdTe QWs. The color scales are in units
of mOD with a magnified scale above 1.82 eV. The time axis is log for
t> 3 ps. (b) AAbsp(E, t) spectra at multiple times. The energies of
the steady-state absorption features are indicated with arrows.

in Figure 4b. Each occupancy feature is labeled using the
state(s) accessed in the CB as in the Absg(E) spectrum, but
with a prime to signify the features are energetically shifted by
QSR. At the shortest times, t < 1 ps, the spectra contain signals
in all of the occupancy features, indicating there were carriers
in the electron or hole quantum-confinement states associated
with these features. The signals of the higher-energy features
decay faster than the lower-energy features, and the lowest-
energy 12’ band-edge feature grows in with time out to t & 3
ps, and then it slowly decays. These trends are consistent with
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intraband relaxation and state filling. Similar data were
obtained for the lower-quality ®p; = 0.2% WZ CdTe QWs.*

The AAbsq.(E, t) spectrum at each t was fit to a sum of
Gaussian peaks, one for each occupancy feature, as illustrated
in Figure S9 in Supporting Information. The center energy of
each Gaussian peak was recorded as a function of time to
identify changes in the QSR, frequency modulation, or the
contrasting contributions from the transitions within that
feature that occur during carrier relaxation, amplitude
modulation. The integrated area of each Gaussian is propor-
tional to the weighted sum of the carrier occupancies in the
quantum-confinement states associated with those transitions
lying within each feature at that time. The IRD of the
photoexcited carriers, either one electron, one hole, or one
exciton, was tracked by plotting the carrier occupancies versus
time after photoexcitation.

B DISCUSSION

Dynamic QSR. The dissimilar spatial distributions of the
different quantum-confinement states should result in con-
trasting screening and unique QSR for the occupied states as
well as those for the unoccugied sates, both of which are
probed in the TA experiments.’>’ As mentioned, the average
QSR values obtained from fitting the TA data a long times are
(AEqse()) = 13(1) and 21.0(1.0) meV for the @y = 0.2%
and 8.8% CdTe QWs. The energies of the individual
occupancy features indicate that the QSRs of the different
quantum-confinement states are not the same, however, and
the energies of the features do change uniquely with time after
photoexcitation as the carriers relax to the band-edge states.
The observation of unique AEqg(t) values for the different
spectral features indicates a more thorough model for
separating QSR from carrier populations in the TA data is
needed to more accurately characterize the shifted state
energies and carrier populations.

The 1X’ occupancy feature for the lower-quality ®p; = 0.2%
WZ CdTe QWs, solid squares in Figure Sa, is shifted to
AEo(t) & 25 meV below the energy of the 1X steady-state
absorption feature near t = 0 ps during the excitation pulse.”
An estimate of ~75 electron/hole pairs um™' pulse™ were
photoexcited within each QW, but the PL efficiency spectrum
of the ®p, = 02% CdTe QWs, Figure S4a in Supporting
Information, indicates that the relaxation of the carriers to the
band edge state is not unity. With that said, most of the hole
trapping occurs at the band-edge states. Comparison of the
temporal profiles of the 1X’, 1X*’, and the high-energy 1X'-
VB—1" occupancy features indicates the signals at short times
are associated with holes in the band-edge states that have not
become trapped outside of the QWs.”> Consequently, this
prompt energy shift of the 12’ occupancy feature in the @ =
0.2% sample is associated with holes that quickly relaxed
through the quantum-confinement states within the CB just
above the band-edge state, as illustrated in the black energy-
state diagram in Figure Sc. If the low PL efficiency for these
®pp = 0.2% QWs is attributed only to trapping of holes in the
band-edge states, then there are ~0.15 holes ym™" pulse™ that
radiatively recombine with electrons. The large density of hole
traps present in the band-edge states results in short lifetimes
for most of the holes, <3 ps, and AEq(t) of the 1¥’ feature
decreases toward zero on that time scale. As electrons, both
free electrons and those bound in excitons, relaxed to the 1%’
quantum-confinement state in the CB, the AE(t) of the 1%’
feature slowly adjusted to a long-time value of 15.9(4) meV.
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Figure S. (a and b) Time-dependence of the energies of the 1%’ and
11" occupancy features of the ®p; = 0.2% and 8.8% WZ CdTe QW
samples, filled squares and open circles, respectively. The yellow line
is a single-exponential fit, 7 = 1.6(1) ps, of the growth of the 1¥’
feature for the high-quality sample. The vertical scales are the energies
of the occupancy features below the 1X and 1II features in the
Absgg(E) spectra. (c) Absgg(E) spectrum of the high-quality ®p; =
8.8% WZ CdTe QWs. Tics indicate the strongest calculated
transitions®>*® with the states accessed by each shown on the energy
state diagram.

The temporal profile of AEq.(t) of the 1¥’ feature of the
@, = 8.8% sample, open circles in Figure Sa, is markedly
different than that for the low-quality QWs. There is a smooth,
nearly single-exponential shift of AEy..(t) from ~0 meV to the
long-time value of 35.9(3) meV, which is significantly larger
than the average shift obtained in the QSR model fitting,
(AEqsr(t)) = 21 meV. This discrepancy illustrates short-
comings of the simple QSR model implemented and that
higher-level calculations of the state-specific QSR are needed
to better quantify the photoinduced state shifting. Never-
theless, the larger QSR of the 1%’ occupancy features
measured for the ®@p; = 8.8% sample in comparison to the
®p; = 0.2% sample is attributed to the larger fraction of
carriers, especially holes, that have relaxed to the band-edge
states. The excitation fluence of ~4 yJ cm™ pulse™ used in
these measurements results in the generation of ~10 electron/
hole pairs yum™" pulse™’. The PL efficiency spectrum for these
@, = 8.8% QWs, Figure S4 in Supporting Information,
indicates that a fraction of the carriers do become trapped
while relaxing to the band-edge states. If the value of @y =
8.8% is attributed solely to hole trapping, then ~0.88 holes
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pum~" pulse™’ in the band-edge states radiatively recombine
with electrons. This hole density is nearly 6X larger for the ®p,
= 8.8% QWs than for the ®@p; = 0.2% QWs.

These shifting energies are associated with the magnitude of
the QSR and changes in the effective masses of the
photoexcited carriers in the QWs. The bulk band gap of WZ
CdTe, ~1.50 eV,”' and the use of the effective mass
approximation and the assumption of a particle-in-a-cylinder
dependence for the quantum confinement of the lowest energy
1 feature’” is used to estimate the change of the effective
mass, m*, associated with the QSR. This approximation
ignores that the bottom of the band and thus the bottom of the
confinement potential also shifts with a change in m*. The
long-time energy of the 1X’ feature of the lower-quality QWs is
1.687 or 0.187 eV above the bulk band-edge energy. Taking
the ratio of this energy shift to that of the 1X feature in the
Absgs(E) spectrum above the band gap energy, 0.203 eV,
reveals the m* in these QWs increases by ~9% after the
carriers have reached the band-edge states. We infer that this
change in m™ is largely dictated by electrons, as the low ®pp
value of this sample is associated with the trapping of holes.
The long-time shift of the 1X’ feature of the high-quality QWs
is 0.211 eV, and the energy of the 1X feature is shifted by 0.247
eV above the bulk value. Thus, the value of m* at long times in
these QWs increases by ~17%. This significantly larger change
in QSR and the value of m* observed at long times are
associated with holes also relaxing in the band-edge states.

The temporal profile of AEy . (t) of the 1¥’ feature of the
high-quality ®p; = 8.8% WZ CdTe QWs was fit to a single-
exponential function with a time constant of 7 = 1.6(1) ps, as
shown by the yellow line in Figure Sa. This time scale is similar
to the time it takes for the 1X’ occupancy feature of the @y =
0.2% QWs to shift from zero to its long-time value of 15.9(4)
meV. This similarity suggests the smooth increase in AEq(t)
of the 1% feature of the high-quality QWs tracks with the
relaxation dynamics of electrons, either separate electrons or
electrons within excitons. The 1%’ occupancy feature contains
transitions between a few low-lying hole states and only the 1X
quantum-confinement state in the CB, as indicated in Figure
Sc. The energetic proximity of the hole states likely results in
state mixing, and consequently, they may experience similar
QSR. We conclude that these transitions likely contribute
nearly the same intensities and energy shifts to the 1%’
occupancy feature of the @, = 8.8% QWs, thereby
representing a frequency modulation in the energy of this
feature.

The Stokes shift of the PL maximum below the lowest-
energy Absg(E) feature is sometimes attributed to the fine
structure of the hole states of the semiconductor NP.”>”*
Calculations of the fine structure indicate the resultant
transitions are typical?f <20 meV with a dependence on size
and dimensionality.®>%®7*~#" Excitation will access all of these
transitions, and emission will occur from a quasi-equilibrium of
carriers in these states after the electrons and holes relax into
the band-edge states. The predicted fine structure of the hole
states in one-dimensional QWs indicates the lowest-energy
transitions are optically bright.”>"°® Thus, the carrier
populations relax to and emit from these lowest-energy states.
As these experiments were performed at room temperature, we
conclude that there is carrier population in most of these hole
states, and the fine structure will not contribute significantly to
the Stokes shift observed. A spontaneous emission event in a
CdTe QW that occurs when low-excitation fluences are used is

attributed to the recombination of one electron and one hole,
each in a QSR-shifted band-edge state, bound together as a
one-dimensional exciton. Consequently, a major contribution
of the Stokes shift of the steady-state PL feature from the
lowest-energy 1X steady-state absorption feature is attributed
to the QSR of these band-edge states at long times.

The 18 and 49 meV Stokes shifts of the ®p; = 0.2% and
8.8% WZ CdTe QWs, shown in Figure 2, are ~13% and ~36%
larger than the long-time QSR shifts of the 1X’ occupancy
feature, 15.9 and 35.9 meV. There are several reasons the
Stokes shifts observed are larger than the QSR of the band-
edge states. The excitons have one free dimension for
translational motion, and the excitons in these experiments
will have a room-temperature Boltzmann distribution of
energies. The 1%’ occupancy feature obtained from the TA
data will mimic this distribution. In contrast, momentum
conservation constraints dictate that only those excitons with
nearly zero translational momentum and thus the lowest-
energy excitons in the QWs can radiatively combine.'” In
addition, the presence of shallow trap states or variations in the
potential-energy landscape along the length of the WZ CdTe
QWs, even those with high ®@p; values, can localize excitons
and facilitate the radiative recombination of those excitons in
the low-energy range of the thermal distribution. The presence
of phonons in the room-temperature QWs as well as phonon-
assisted recombination would also shift the PL to lower
energies than the shifted band-edge quantum-confinement
states.

The energies and temporal trends of the 1I1" occupancy
features measured for the ®p; = 8.8% and ®p; = 0.2% QWs
are also notably different. The energies of the 1II" occupancy
feature for the high-quality QWs, open circles in Figure Sb, are
initially >80 meV below the energy of the 1II steady-state
absorption feature. This feature promptly shifts to ~0 meV
during the excitation pulse, and then increases to 33 meV on a
slower time scale, ~1.5 ps, where it remains. The energetic
shifts of the 1I1" occupancy feature for the lower-quality QWs
begin near 20 meV and quickly stabilize near ~9 meV. We
attribute these differences to more than just the QSR of the
1IT" occupancy feature.

The hole states contributing to the 1II" occupancy feature
span a wider energy range, >120 meV, than those within the
1Y’ feature, <20 meV. Furthermore, the transition from the
band-edge hole state to the 1II’ state, indicated by a dotted
line in Figure Sc, is on the lower-energy side of the 111" feature.
These energetics lead us to conclude that the large AEq(t)
values observed near t = 0 ps for the 1II" occupancy feature of
the high-quality @, = 8.8% WZ CdTe QWs are associated
with holes that were not bound within 1D excitons that relaxed
quickly to the band-edge state in the VB. The relaxation time
of the excitons is slower, as will be discussed, and the
occupancies associated with excitons dominate AEq () for t >
0 ps. As a result, the centroid of the 1I1" occupancy feature
quickly moves from larger shifts, to near 0 meV, and eventually
to the long-time value, ~33 meV. So, while there are likely
contributions from a QSR-induced energetic shifting of this
1T’ occupancy feature (frequency modulation), there are also
amplitude modulations caused by the lower-energy transition
contributing at shorter times and the higher-energy transitions
dominating at longer times. Since most of the holes were
trapped during relaxation or once they reach the band-edge
states in the lower-quality ®p; = 0.2% WZ CdTe QWs, this
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large AEq.(t) at short time was not observed, red filled
squares in Figure Sb.

The identification of clear trends and differences in the
energies of the other occupancy features for these CdTe QW
samples is difficult. The time dependences of the QSR shifts of
each occupancy feature, AEo (1), are included in Figures S10
and S11 in Supporting Information. All of the features shift to
energies lower than those identified in the Absg(E) spectra,
especially at short times after excitation. The magnitudes of the
feature shifting are larger for the high-quality sample than for
the lower quality sample, and we attribute those differences to
there being more carriers remaining within the high-quality
QWs than in the lower-quality QWs.

Following the results reported on the renormalization of the
band-edge states in monolayer MoS,,**** the photoexcitation
changes the carrier screening experienced by each electron and
hole in the WZ CdTe QWs. The screening for separate carriers
and excitons will likely differ, and contributions from both are
expected in both samples of the CdTe QWs as their ®p; values
are not unity. The QSR of all of the quantum-confinement
states to lower energies indicates the effective masses of the
carriers and excitons are larger in the excited WZ CdTe QWs
than in the unexcited QWs.

Intraband Relaxation Dynamics. The IRD of the
photoexcited carriers in the ®p; = 0.2% and 8.8% WZ CdTe
QWs give rise to the temporal profiles of the occupancy
features plotted in Figure 6 as filled squares and open circles,
respectively. Each point in the plots represents the integrated
intensity of the Gaussian peak associated with that occupancy
feature at a given time. The temporal profile of each feature
was fit using exponential rises and decays convoluted with a
0.230 ps Gaussian instrument response function. The rise and
decay time constants, 7,, and 74, for each occupancy feature in
both samples are listed in Table 1.

The carrier occupancies in the high-energy 1®’/2I1"/1T"
features, Figure 6a, have extremely short rise times, <0.2 and
0.26(1) ps for the ®p; = 0.2% and 8.8% QWs, respectively.
Excitation in these TA experiments was ~350 and ~250 meV
above the corresponding 1®/2I1/1I" steady-state absorption
features for the ®@p; = 0.2% and 8.8% QW samples. Thus, even
though the carriers were excited to slightly higher energies in
the lower-quality QWs, the carriers occupied these quantum-
confinement states on shorter time scales than those in the
high-quality QWs. The rise times for the occupancy features
increase with decreasing energies for both samples, and there is
a trend of slower rise times for the same occupancy features in
the high-quality QWs in comparison to those in the lower-
quality QWs.

A sum of exponential decays was needed to fit the 12’ and
1X*" occupancy profiles for both samples. The average decay
constant for the @, = 0.2% QWs was only 232(6) ps, which is
consistent with the low quantum yield. The decay profile of the
@y = 8.8% QWs is much longer, as expected for the higher
quantum yield of this sample, with the most significant
contribution exceeding the temporal delay limit of the TA
measurements of 7000 ps. Note the lifetimes of 1D excitons in
high-quality, ®p; > 4% WZ CdTe QWs were measured to be
>200 ns."

The growth of the 1X’ occupancy feature of the lower-
quality @, = 0.2% QWs has two rise-time components, as
reported previously.”® The instrument-limited component was
attributed to the small fraction of holes that were not trapped
before reaching the low-energy states, and the slower

0 1 2

(a) L 1 " " " 1 " " " 1
10'/211'/11”

Norm. Occ.

—_
(=2

Norm. Occ.

Norm. Occ.

—_
Q.

Norm. Occ.

g
3 13
E -
g H O, =0.2% [
O @, =8.8%
T T T T T T T T
0 2

1
Time (ps)

Figure 6. Temporal profiles of the occupancy features for the lower-
quality @p; = 0.2% (solid squares) and high-quality ®p; = 8.8% (open
circles) WZ CdTe QWs. The solid and dashed lines are fits of the
temporal profiles of the @, = 0.2% and 8.8% samples with the
parameters provided in Table 1.

Table 1. Rise, 7,, and Decay, 75, Time Constants of the
Occupancy Features Containing the Indicated Quantum-
Confinement States of the Lower-Quality ®,; = 0.2% and
High-Quality ®,; = 8.8% WZ CdTe QWs

Dy = 0.2% Dy = 8.8%
Quantum States 7. (ps) 74 (ps) 7. (ps) 74 (ps)
1®'/2IT'/1T" <02 1.03(6) 026(1)  1.1(3)
1A7/2% 0.29(1) 0.62(2) 0.80(9)  0.8(1)
11T 0.50(2) 0.65(2) 1.5(3) 1.7(3)
1Z# 1.3(3) 230(30)”  1.78(5)  >7000°
13 <02 and 1.10(2)7  232(6)" 1.90(4)  >7000°

“These data and fitting for the as-synthesized WZ CdTe QWs are the
same as reported in ref 33. “These decay profiles are multiexponential,
and the values given represent the average lifetimes, (74). “The decay
time constant is longer than the limit of the instrument measurement
time, 7000 ps. “This rise was best fit with one component within the
instrument response and a second, longer time constant.

https://doi.org/10.1021/acs.jpcc.3c05672
J. Phys. Chem. C 2023, 127, 20082—-20093


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05672/suppl_file/jp3c05672_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05672/suppl_file/jp3c05672_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05672?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05672?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05672?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05672?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c05672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

component, 1.10 ps, was associated with electrons relaxing into
the lowest-energy, 1X’ quantum-confinement state in the CB.
The low @y, of these QWs indicates that many of the carriers,
especially the holes, became trapped either during relaxation to
the band-edge states or after reaching them. Although, some of
the photoexcited electron—hole pairs may have relaxed as
excitons in the lower-quality QWs, most of the carriers likely
separated and did not radiatively recombine. Based on the
calculated transition energies® each photoexcited electron was
created at ~0.60 eV above the 1%’ electron state in the CB. A
relaxation time of 1.10 ps yields an electron relaxation rate of
~0.60 eV ps~". Each photoexcited hole was created at ~0.42
eV from the lowest-energy QSR-shifted hole states. The
ultrashort relaxation time of <0.200 ps yields a hole relaxation
rate of >2.0 eV ps1.%?

In contrast, the 1X" occupancy feature of the high-quality
WZ CdTe QWs has only one identifiable rise time, and it is
notably longer, 1.90 ps, than measured for the lower-quality
QWs. As the transitions within the 1%/, 1X*’, and 1X'-VB—1’
occupancy features have the electron 1%’ quantum-confine-
ment state in common, an identical constant in the profiles of
these features should be associated with the IRD of electrons
to the band edge. The rise of the 1X’ occupancy feature is
similar to that of the 1X'-VB—1" feature; see Figure S11 in
Supporting Information. The rise of the 1X*’ occupancy
feature is marginally faster than that of the 1%’ feature, and this
difference may be due to holes relaxing through the slightly
excited, quantum-confinement state associated with the 1X*’
transition that would be occupied before the lower-energy
states. Note the rise times of the 1X’ feature in the occupancy
data for both samples is significantly longer than the rise times
of the 1X band-edge bleach features present in the TA data.
These differences emphasize the need to account for QSR
when attempting to identify the time scales for carrier
relaxation using pump—probe spectral methods, either TA or
two-dimensional electronic spectroscopy.

A high quantum yield, ®p; = 8.8%, measured using low
excitation fluences indicates that the PL was from geminate
radiative recombination of photoexcited electron—hole pairs.
That coupled with a single-exponential rise of the 1%’
occupancy feature, instead of a double-exponential rise, leads
to the conclusion that a significant fraction of the photoexcited
electrons and holes, ~0.88 electron—hole pairs yum™" pulse™,
relaxed to the band-edge states as bound 1D excitons in the
high-quality WZ CdTe QWs. As such, the time scales for IRD
to the band-edge states are the same for the electrons and
holes, and the carrier relaxation rates must be different. Each
electron was promoted to ~0.63 eV above the 1X’ electron
state in the CB. A relaxation time of 1.90 ps indicates that the
electron relaxation rate is ~0.33 eV ps™' in the high-quality
QWs. Each photoexcited hole was created at ~0.44 eV from
the lowest-energy QSR-shifted hole states. The same relaxation
time yields a hole relaxation rate of ~0.23 eV ps™' in these
QWs.

The picture for the relaxation of the electron—hole pairs in
the high-quality @, = 8.8% WZ CdTe QWs shows that a
significant fraction of these carriers remained bound as 1D
excitons while relaxing to the band-edge states and until they
radiatively recombined. In contrast, there were many trap
states in the lower-quality ®;; = 0.2% QWs, and most of the
carriers did not remain bound as 1D excitons. The shorter rise
time of the 1X’ feature in these QWs indicates many carriers
were trapped before reaching the band-edge states. From a

simple kinetics perspective, the relaxation rate of a carrier to
the band-edge, kr,,, is dictated by all pathways present. If there
are parallel processes present, such as phonon relaxation to
lower energy states, with a rate of k., and delocalization to
surface traps, with a rate of ki, then the total rate for
relaxation is kro = Kyoj + Kyyp- The rise time of the occupancy in
the band-edge states, 7, = ky., ', would then be shorter when
there are many trap states competing with intraband relaxation.
The dynamics and kinetics were more complicated than this in
the QWs as many quantum-confinement states and dissimilar
trap states were likely sampled as the carriers relaxed to the
band-edge states. The contrasting relaxation times for the ®p,
= 8.8% and 0.2% QWs give direct evidence of nonunity
relaxation efliciencies of carriers to the band-edge states that
depend on the initial energy at which the carriers were excited.
Furthermore, this supports the conclusions drawn that there is
an excitation-energy dependence of the @, in some NPs,
especially if the ®p; values are not high.®”7%%*~%

There are contrasting results reported in the literature on the
efficiency of the intraband relaxation of photoexcited carriers
to the band-edge states in semiconductor NPs; numerous types
of NPs exhibited a dependence of the ®p; on excitation
energy,69'70’82_89 but other studies indicated some NPs exhibit
no dependence of @, on excitation energy.”’”"* To
determine the roles of excitation energy, surface traps, defects,
energy-coupling mechanisms, and densities of states in the
dynamics and energetics of electrons, holes, and excitons in
NPs, accurate characterization of the state-to-state IRD of
photogenerated charge carriers in them remains a high priority.
As illustrated previously,®>* it is essential to account for the
contributions of QSR in order to accurately identify the IRD
and energetics of the photoexcited carriers.

B CONCLUSIONS

TA spectroscopy experiments were performed on two samples
of WZ CdTe QWs, one with @p; = 0.2% and one with @y =
8.8%. A simple model®> was used to separate contributions
from QSR of the different features and carrier occupancies.
Larger QSR was observed for the high-quality ®p = 8.8%
QWs, and this is attributed to the presence of a significant
fraction of the photoexcited electrons and holes remaining in
the QWs. The QSR does depend on the specific states
occupied by the carriers, and each changes as the carriers relax.
The time scales for intraband relaxation of the photoexcited
electrons and holes are longer in the ®p; = 8.8% QWs, and the
data indicate the carriers relax as excitons. The shorter time for
the lower-quality ®p; = 02% QWs is attributed to the
presence of traps that were accessed during relaxation, thereby
confirming that there is an excitation-energy dependence of the
PL efliciency on excitation energy in these QWs.

The results presented indicate the importance of accounting
for QSR when analyzing TA data and characterizing the IRD in
semiconductor NPs that have measurable quantum-confine-
ment effects. High-level calculations probing the QSR of the
different electron and hole quantum-confinement states would
prove to be invaluable for further interpreting the interactions
and dynamics within semiconductor NPs.
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